Abstract. In this paper, a new conceptual method is introduced in order to extract wind energy using a set of airfoils and a linear generator. Indeed, the idea of this method is inspired by the ocean wave energy extractor and the linear wind generator. In this method, under wind velocity, a mover connected to the airfoils undergoes a linear reciprocating motion such that this motion is converted to electricity using the magnetic eld of a linear generator. Moreover, the structure and mechanism of the proposed method are illustrated. Based on this illustration, a perfect kinematic and kinetic analysis of the mechanism, including the displacement, velocity, acceleration, force, and mechanical powers, is done. Finally, the average generative power based on the proposed method is investigated under di erent conditions and compared with the output power of the ocean energy extractors in similar situations. The most important advantage of the proposed method in comparison with the two mentioned methods is its simplicity, high e ciency, and compatibility with all wind situations.
Introduction
Electricity generation from fossil fuels has caused a lot of issues a ecting atmosphere, public health, etc.; thus, urgent and strategic measures should be taken to overcome these emerging hazards by focusing more and more on renewable sources of energy [1] . Obviously, these problems can be resolved by the use of natural sources that are renewable, economical, available, and sustainable for the environment. However, the actual renewable technologies up to now have had no such potentials. As a result, many attempts have been conducted in order to utilize wind [2] , ocean wave [3, 4] , solar cells [5] etc. as green energy sources. One of the most well-known examples is windmills or wind turbines that are used as a representative approach to harness wind energy in great amount. Wind farms have problems of land occupation and environmental impact because of the fact that their electrical production depends on the amount of area they occupy [6] . To overcome these problems, Milanese and Ippolito [7] have developed a new class of wind energy generators named \Kitegen".
There are many obstacles to Kitegen project development due to the main problems wind creates for controlling the trajectory of kite and its stability [8] [9] [10] . Up to now, there are rare methods to utilize this project e ciently. Consequently, there has been much consideration regarding Kitegen project in the recent years in order to extract wind energy using this method, practically. For example, Laddermill [11] [12] , with similar situations to Kitegen is one of the used technologies. In the Laddermill structure, there are many kites which are connected to a main rode that is twisted around a drum attached to the generator.
Another important method, which has been introduced based on Kitegen operation principle, is linear wind generator (see Figure 1 ) [13] . Linear Wind Gener- ator (LWG) is an e cient method for the wind energy harnessing process. For equivalent swept area of wind, the LWG can generate twice the amount of electricity by the Wind Turbine Generator (WTG). Also, LWG, in comparison with WTG, has simple structure and can produce electricity within a signi cantly small land area with a substantially lower cost. In LWG, the mechanism of converting linear motion to rotational motion and the mechanism of changing the angle of attack lead to energy dissipation because of their complexity [14] .
Recently, a renewable energy extraction method has been developed that converts the ocean wave energy to electricity [15] . Although energy extraction using the ocean waves is interesting and can be used for special applications, this technology su ers from some drawbacks such as corrosion, high cost of manufacturing, high requirement for installation and construction, economical consideration, etc. [16] .
Great attention has been focused on renewable energy production in both industry and academic research. In these methods, as we explained and mathematically modeled with simpler assumptions in our recent research [17] , low energy dissipation, low cost, simplicity, and high performance are highly regarded. Along this line, in this paper, a new conceptual method is proposed for extraction of renewable energy from wind. In fact, the mechanism of this method is the combination of two recent technologies, namely, the ocean wave energy extractor and the linear wind energy. The main parts of the mechanism, including a linear generator, a set of airfoils, and a ywheel, as well as the relative motion of these parts, are explained. Moreover, a perfect kinematic and kinetic analysis of this mechanism, including the displacement, velocity, acceleration, force, and mechanical powers, is performed. Finally, in order to evaluate the performance of the proposed method, the net generative power is determined for di erent cases and compared with those of the ocean energy extractors in similar situations.
2. The mechanism of the proposed method Figure 2 shows a scheme of the mechanism of the proposed method for extraction of renewable energy from wind. As shown in Figure 2 , structure of the proposed mechanism for production of wind energy has three main parts including a set of airfoils, a linear generator, and a device for saving energy ( ywheel or spring). The object connected to the set of airfoils (mover) has a linear reciprocating motion. Each cycle of reciprocation consists of two opposite motions: There is a motion in one direction, and then a motion back in the opposite direction. Here, reciprocating motion is a repetitive up-and-down linear motion. The operation of the proposed mechanism is demonstrated for two half cycles, including upward and downward motions. In the upward motion, the angle of attack of the airfoil should be changed such that the maximum upward lift force is exerted on airfoil. In this half cycle (upward motion), the ywheel saves the required energy for changing the angle of attack at the end of the motion. When the airfoil reaches its maximum level in the upward motion, the energy saved in the ywheel should be able to change the attack angle such that the maximum downward force is exerted on airfoil. It is notable that the attack angle of airfoil in downward motion should be opposite to that in upward motion. For both upward and downward motions, the lift forces exerted on airfoil have the same amount and are in the direction of the airfoil motion. Changing the angle of attack at the end of upward motion results in a downward force on airfoils, leading to their movement in downward direction (see Figures 3 and 4) . Hence, by attaching an object to the set of airfoils (named as mover), a linear reciprocating motion is produced. This motion in the magnetic eld of the linear generator can generate the electricity. Due to the geometrical magnetic anisotropy of the generator, the perpendicular and parallel forces in the wind direction exist in the linear generator. Existence of ywheel is necessary to maintain continues motion and homogenize anisotropy forces.
Conversion of energy in linear generator
Eq. (1) describes the relation between the magnetic ux and magnetic eld () through an area,ã, in a magnetic eld,B, in which the integral is taken over the area:
The process of induction has been described in a wellknown relation by Faraday that if the magnetic ux, , through an area enclosed by a conducting loop changes with time, a current and an electromotance (emf) are produced in the loop; this process is called induction. The induced emf is [15] :
where e indicates electromotance. Based on Eq. (2), the voltage induced in a close circuit is equal to the minus time derivation of total ux enclosed by the circuit. The minus sign indicates that the direction of the current induced in the circuit is opposite to the direction of increasing ux. Figure 5 shows the operation mechanism of linear actuator according to Eqs. (1) and (2), which are the fundamentals of a linear generator in the reverse manner.
Because of the reversible nature of the electromechanical energy transformation process, actuators may work as linear electric generators, in which mechanical energy is converted into electrical energy. The energy conversion equation is demonstrated in the following:
whereF is net mechanical force,Ṽ is mechanical velocity, " is voltage, and I is current. Figure 6 schematically shows an airfoil installed in wind direction.
Lift and forces on an airfoil
It is assumed that the airfoil can move only vertically and its speed is v. The wind is blowing in uniformly horizontal direction with speed, u. When the airfoil moves upward at a speed of V , the surrounding air moves downward relative to the airfoil with the same speed. To the oncoming air ow, the angle of attack of the airfoil can be obtained using of the following equation:
In absence of wind, the angle of attack of airfoil is 0 and after the airfoil senses wind, the angle of attack increases as amount of tan 1 ( u v ) increases. The lift force of the airfoil in the direction normal to the ow has the expression:
where is air density, S is the projected area of airfoil, and C L is the lift coe cient of the airfoil [16] . From basic aerodynamics, it is well known that the lift coe cient increases by enhancement of the angle of attack up to stall point. It should be mentioned that the lift will be reduced if increase in the angle of attack continues.
In this study, for simplicity, the thin airfoil theory is used in which lift coe cient has a linear relation with angle of attack as follows:
It is necessary to avoid very high angle of attack due to the e ect of induced drag that causes exerting an undesirable force in direction of air ow. Consequently, should be selected in a certain range in order to avoid stall phenomena. Also, based on the available data and considering the assumption of Thin Airfoil Theory, the airfoil is a symmetric NACA0012.
Kinematic and kinetic analysis of the proposed mechanism
In this section, the kinematic and kinetic analysis of the proposed mechanism is done with only one airfoil instead of a set of airfoils (see Figure 7 ). As it can be seen in this gure, the basic nature of the proposed mechanism and the relative motion of its parts can be described with the aid of the slider-crank mechanism, which consists of crank shaft ( ywheel), the connecting rod (rigid rod AB), and slider block (mover and airfoil).
Kinematic analysis
The mechanism is geometrically illustrated in Figure 8 . The parameters r, e, and L are the radius of ywheel or length of the crank OA (distance between the two cylindrical joints O and A), the distance between the center of mass ywheel (Point \G") and its rotation center, and the length of connecting rod AB, respectively. and are the ywheel angle and connecting rod angle connecting rod's angle with respect to the vertical line.
The mechanism is driven by lift force exerted by wind and the positive rotation direction is de ned to be clockwise. The kinematic analysis of mechanism is done for two half cycles including the upward motion and the downward motion, separately.
3.1.1. Kinematics of the upward motion In Figures 9 and 10 , when the mover contacts with the lower stop, the ywheel angle is referred to as = 0. At the angle = 0, the mover begins to leave the lower stop and at = , the mover touches the upper stop. From the angle = 0 to = , the motion of mechanism is the so-called upward motion and z is the distance of the mover from the lower stop. The relation between the ywheel angle, , and the mover displacement from lower stop, z(t), can be determined from the geometry of the mechanism in terms of the length of the connecting rod, L, and the radius of ywheel, r. Considering triangle OAB and using the Cosine rule, it can be expressed that:
(AB) 2 = (OB) 2 + (OA) 2 2(OB)(OA) cos : (7) 
It is clear that = 0 for z = 0 and = for z = 2r. Also, from the geometry of triangle OAB, based on the Sine rule, we have:
Taking the rst derivatives from both sides of Eq. (8), with respect to time, gives the relation between the velocity of the mover ( _ z) and the angular velocity of the ywheel ( _ ) as follows:
Taking the second derivatives from both sides of the earlier Eq. (10) with respect to time gives the relation between the acceleration of the mover ( z) and the angular acceleration of the ywheel ( ) in the form of:
Kinematics of the downward motion In Figure 9 , when the mover contacts with the upper stop, the ywheel angle is referred to as 1 = 0. At the angle 1 = 0, the mover begins to leave the upper stop and at 1 = , the mover touches the lower stop.
From the angle 1 = 0 to 1 = , the motion of mechanism is the so-called downward motion and z 1 (t) is the distance of the mover from the upper stop. The relation between the ywheel angle 1 and the mover displacement from lower stop z 1 (t) can be determined from the geometry of the mechanism in terms of the lengths of the connecting rod, L, and the radius of ywheel, r. From the geometry, considering triangle OAB and using the Cosine rule, it can be expressed that:
rL r 2 + rz 1 1 = G 1 (z 1 );
Based on the Sine rule in triangle OAB, we have: (12) with respect to time gives the relation between the velocity of the mover ( _ z 1 ) and the angular velocity of the ywheel ( _ 1 ) as follows:
Derivative of Eq. (14) with respect to time yields the following relation in the form of:
Dynamic analysis
The inertia parameters of the mechanism are shown in Figure 9 . m1, M, m, and I o represent the masses of the ywheel, the airfoil, the mover, and the moments of inertia of the ywheel, respectively. Also, for simplicity, mass of the connecting rod is ignored. Similar to the kinematic section, the kinetic analysis is done for cycles of upward and downward motion, separately. Set of the mover and airfoil exhibits pure translation along the z-axis. From the FBD and kinetic diagram in Figure 11 , the Newton's Second Law for this set may be represented as: (18) where F axial is the force exerted on the mover from the linear generator, which acts in an opposite direction to the movement as it moves across linear generator.
Referring to Ghita et al. [18] 
Based on the kinematic analysis and using Eqs. 
Numerical solution to this initial boundary value problem is provided using the Maple software. Figure 12 represents the Free-Body Diagrams (FBD) and kinetic diagrams for the ywheel and set of the mover and airfoil of the mechanism in the half cycle of downward motion. In this cycle, since the angle of attack of airfoil becomes , the direction of the lift force exerted by wind is in the direction of the gravity force. Thus, it is expected that the design of mechanism in downward motion would have more acceleration than the upward motion. 
Kinetics of the downward motion
where dr andṼ refer to the displacement and velocity of e ective point of forceF , respectively. Based on these de nitions, the mechanical work and power of the external forces exerted on the mechanism can be expressed for the two mentioned motions as follows: -Upward motion: P Up = (F L F axial ) _ z + P mg + P Mg ; (27) where P mg and P Mg denote the power of gravity force for ywheel and set of the mover and airfoil.
where W Up (z) refers to the done work of the external forces during the movement from lower stop to distance z.
-Downward motion:
and:
where W Down (z 1 ) denotes the done work of the external forces during the movement from upper stop to distance z 1 . If W is the amount of work performed during a period of time of duration, t, the average power, P avg , over that period is given by the formula:
The average mechanical power of the mechanism for a full cycle, including upward and downward motions, is de ned in the form of:
where t Up and t Down denote to the period of time of upward and downward motions, respectively; and:
By considering the conservation of energy, all the produced electrical work will change into mechanical energy, called input energy. Similar to all mechanical systems, a fraction of energy will be dissipated because of the existence of dissipative sources such as friction and electrical and magnetic-related energy losses. Consequently, by interpreting the law of conservation of energy, it follows that:
Input energy = output energy + lost energy:
This statement is true for any period of time; thus, it applies to any unit of time. Because power is work or energy per unit of time, the following statement is also true: Input power = output power + lost power:
The dissipation sources in a linear generator are as follows: A considerable number of these losses are due to the hysteresis losses and eddy currents that happen in the stator steel. The values of losses for a type of linear generator designed by Oskar et al. [19] are given in Table 1 . The total loss, without considering frictional losses, is about 1.24 kW for this type of linear generator.
Ocean wave energy
Calculating the summation of the potential and kinetic energy of ocean waves in joules per unit of wave will result in the overall energy of ocean wave energy [20] . The potential and kinetic energy of wave originate in displacement of the water coming up from the sea level and all-direction motion of water particles, respectively. The resultant equation for the mechanical energy of an ocean wave, including both potential and kinetic energy, can be expressed as [21, 22] :
in which all parameters and constants can be de ned as g = 9:8 m/s 2 ; w is density of water (1000 kg/m 3 ) and A is wave amplitude. V p is the speed of wave propagations, which can be de ned in Eq. (35) [21] :
In this formula, T and L w are the wave period (s) and wavelength (m), respectively. The power of a wave during a period of time exactly follows the same rule as that for a moving object with a de ned velocity and equals the multiplication of the wave energy by the speed of wave as follows:
Therefore, all the a rmative relations imply the following formula, which relates L w and T in the form of [22] :
Substituting Eq. (37) into Eq. (36) gives the averageenergy in terms of the height of wave in the form of [17] :
where H is the height of wave and H is amplitude (H = 2A).
Results and discussions
In order to evaluate the proposed mechanism for extraction of wind energy, the mechanical power and net generative power are calculated and the results are compared with those of other existing methods.
In the numerical results, the geometry and inertia parameters of the mechanism are chosen as follows: The kinematic analysis of the mechanism under the conditions u = 8 m/s, S = 2:5 m 2 , and 0 = 10 deg = 180 (rad) has been shown in Figure 13 . It can be seen in Figure 13 that the velocity of airfoil reaches its maximum value at the positions where z, z 1 = 0:45 m in the rst and second cycles of upward and downward motions. Velocity in downward cycle is faster than in upward cycle and it is due to the alignment of lift force and weight of airfoils. It is clear that parameters such as the wind velocity, angle of attack, and the projected area of airfoil have the main contribution to the generating power due to the lift force. Figures 15-19 illustrate the e ects of these parameters on the generative power, numerically. For example, Figure 15 shows the generating power of the lift force by setting the parameters of the projected area and the angle of attack S = 2:5 m 2 , 0 = 10 From Figure 16 , it can be seen that the power increases when the angle of attack changes from 10 degrees to 14 degrees, but its in uence is less than the wind velocity.
In another example, results of the mechanical power of the lift force of the mechanism, when setting the parameters u = 10 m/s, 0 = 10 deg and changing the projected area from S = 2:5 m 2 to S = 3:5 m 2 , are shown in Figure 17 in which the output power increases from 848.919 to 2688.933.
Also, the average mechanical powers of the mechanism in two half cycles, including the upward and downward, are given for the considered cases in Figure 18 . The bar chart illustration of Table 2 clari es the in uence of the e ective parameters on the average generative power of the mechanism.
It can be observed from this table that the mechanism, when setting S = 2:5 m 2 , 0 = 10 and changing the wind velocity from u = 8 m/s to u = 10 m/s, yields 217% growth in its average power. Moreover, Table 2 . The average mechanical power generated by the proposed mechanism under di erent working conditions. Case P up (W) P down (W) P cycle (W) Table 1 and Figure 18 show that the parameter of projected area has greater in uence on the output power than on the wind velocity and angle of attack. In order to investigate the appropriateness of the proposed mechanism for the extraction of energy wind, the average mechanical power of the mechanism under u = 5:2 m s , S = 3:5 m 2 , and 0 = 14 is determined for several vertical lengths of stator, such as 2r = 0:3; 0:32; 0:34; 0:36. Similarly, the average power extracted from ocean waves is obtained for the vertical length of stator H = 2r = 0:27; 0:3; 0:33; 0:36 m. The conditions of wind on the surface of ocean given in Table 3 are extracted from Pierson et al. [23] .
The obtained results based on the proposed mechanism and ocean wave are given in Table 4 and depicted in a bar chart (Figure 19 ). It can be observed from Table 4 and the bar chart given in Figure 19 that in spite of the constant vertical length of stator for both methods, the proposed mechanism with one airfoil has relatively good performance in comparison to the ocean waves. It should be noted that power of the proposed mechanism increases by increasing the number of airfoils.
Conclusion and future works
In this paper, a new conceptual method for extracting wind energy is introduced. Indeed, the mechanism of this method is the combination of two recent technologies named the ocean wave energy extractor and the linear wind energy. In this method, due to wind velocity, the mover connected to the airfoils undergoes a linear reciprocating motion such that this motion is converted to electricity by using the magnetic eld of a linear generator. The main parts of the mechanism, including a linear generator, a set of airfoils, a ywheel, and the relative motion of these parts were explained. To show the appropriateness of the proposed method, perfect kinematic and kinetic analysis of the mechanism, including the displacement, velocity, acceleration, force, and mechanical powers, was done. In the kinematic and kinetic analysis, the average generative power predicted based on the proposed method was numerically studied under di erent conditions. Our study shows that parameters such as the wind velocity, the angle of attack, and the projected area of airfoil have the main contribution to the generative power (see Figures 16-18 and Table 2 ).
In order to evaluate the performance of this method, the mechanical power predicted by the proposed method was compared with the output power of the ocean energy extractor in similar situations. The comparison of the results shows that the proposed mechanism can generate the mechanical power, which is comparable to the power generated using the ocean energy extractor. Finally, it can be mentioned that the most important advantage of the proposed method in comparison with the two mentioned methods is its simplicity, high e ciency, and compatibility with all wind situations. We believe that the novelty of this work is to introduce the proposed concept analyzed with a simple aerodynamic model in order to give an engineering insight into the power output. We have used the simplest aerodynamic theory, Thin Airfoil Theory, because the thin wing theory seems to be an adequate assumption for quick, simple, and accurate ight properties of a wing section. It is very worthwhile to apply a more sophisticated unsteady aerodynamic model including utter and convergence phenomena on our dynamic model. For doing this and in order to achieve a comprehensive investigation of these complex phenomena, i.e., convergence and utter, it is necessary to study the ow transport, boundary layer (shape factor and thickness), vortex creation, and friction coe cient in the boundary layer. Based on this research, the following could be future directions for research on this concept: 1. Study of the vertical distance between airfoils; 2. Investigation of the airfoil motion in uence, especially the e ect of uttering and convergence phenomena on C L and C D coe cients; 3. Designing the perfect linear generator which satises the boundary conditions; 4. Designing the mechanism with considering top/ down stop point and study of the stress distribution on the whole mechanism to point the critical parts. A well fatigue study on connecting rods is needed for airfoil-carrying structure.
